To identify potential immunodominant and/or adhesin binding domains of the outer membrane protein P5-homologous fimbrin adhesin of nontypeable Haemophilus influenzae (NTHI), three sets of synthetic peptides were synthesized and assayed in an adherence inhibition assay, by Western blotting, and in a biomolecular interaction analysis (BIA) system. The first series of 34 8-to 10-mer peptides represented the entire mature protein sequentially. The second set of four peptides (each 19 to 28 residues) represented the four predicted major surface-exposed regions (or loops) of this adhesin. The third series of seven peptides (each 27 to 34 residues) were specifically designed to map the third surface-exposed region. Data obtained by BIA indicated limited reactivity of a panel of high-titered immune chinchilla sera to the 8-to 10-mer peptides representing the mature protein, likely because these linear peptides did not represent continuous epitopes. However, several of these short peptides did inhibit adherence of multiple NTHI strains to a human respiratory epithelial cell. Overall, greatest relative reactivity in both BIA and adherence inhibition assays was demonstrated against, or shown by, peptides mapping to the third and fourth predicted surface-exposed regions of this adhesin, thereby indicating the presence of immunodominant and adhesin binding domains at these sites. Middle ear fluids sequentially recovered from a chinchilla with an ongoing NTHI-induced otitis media (OM) as well as sera from children with OM due to NTHI also reacted exclusively with peptides representing the third and fourth surface-exposed regions of the P5-fimbrin adhesin, indicating a similarity in immune recognition of this bacterial protein by these two hosts. Collectively, these data together with the previously demonstrated protective efficacy of immunogens derived from this adhesin in chinchilla models support the continued development of P5-fimbrin based vaccine components.
Nontypeable Haemophilus influenzae (NTHI) is an important causative agent of bacterial otitis media (OM). Of interest are several conserved surface proteins of this heterogeneous group of organisms that could potentially serve as components in a vaccine. We have focused in recent years on a structure observed on 100% of middle ear and nasopharyngeal NTHI isolates recovered from children with chronic OM (6) . These appendages, referred to as fimbriae due to their filamentous appearance, are composed of a 36.4-kDa protein subunit (fimbrin) that is highly homologous to outer membrane protein (OMP) P5 of H. influenzae type b (39, 40) . The P5-homologous fimbrin protein (or P5-fimbrin) is an adhesin to human oropharyngeal (OP) cells (51) and mucin (44, 45) , chinchilla eustachian tube mucus (37) , and respiratory syncytial virus-infected A549 cells (24) .
We have been conducting studies to determine whether or not P5-fimbrin can serve as a protective immunogen and have demonstrated that, like whole OMP preparations, immunization with P5-fimbrin does provide significant protection against homologous NTHI challenge (3, 4, 51) . However, as with other isolated OMPs, induction of protective activity against heterologous strains was less effective (4) . To overcome this obstacle, we chose a strategy in which we attempted to identify a minimal region of this antigen that could elicit a protective response (13) . Thus, we elected to focus on a specific predicted surface-exposed region of P5-fimbrin for further development as an epitope-targeted peptide based vaccine rather than attempt to develop a component derived from the whole native protein (4) .
Multiple algorithmic analyses of the deduced amino acid sequence of this protein (4) indicate that there are four predicted surface-exposed regions located in the N-terminal half, the general location of which are consistently reported among laboratories (15, 55, 55a) . Duim et al. (15) recently reported that all four of these regions, or loops, were hypervariable in five NTHI isolates and their variants recovered from chronic bronchitic patients. They attributed this variability to nonsynonymous point mutations induced by selective immunological pressures exerted during chronic disease. Webb and Cripps (55) also fully sequenced the gene that encodes this surface protein from 13 Australian isolates recovered from diverse anatomical sites, as well as the portion of the gene corresponding to the region of the first loop from an additional 10 isolates. These investigators noted sequence diversity in the predicted surface-exposed regions as well. However, in the Australian isolates, which were all recovered from instances of acute rather than chronic disease, the greatest diversity was found in the first loop (or region). More limited diversity was found in loops 2 and 3; loop 4 was found to be highly conserved. We recently reported the sequence of the third surface-exposed region of P5-fimbrin from 99 European and U.S. NTHI isolates (3) . Based on the observed sequence diversity in region 3, we assigned NTHI strains to three major subclasses or group-ings (with a subgroup for a minority of group 2 strains). The majority of all isolates sequenced (76%) belong to group 1. Due to interest in this and similar proteins as a protective antigen in animal models, these surface-exposed regions, and particularly the more conserved among them, have been the target of peptide vaccine design strategies (3, 4, 23, 55a) . Prior to having a complete understanding of the diversity in these regions, but due to its predicted antigenicity, we have to date focused our efforts on a region 3-based immunogen. Thus, a 19-mer peptide representing the majority of the third surfaceexposed region of this adhesin, expressed by NTHI strain 1128 (4, 51) , was selected and subsequently incorporated into both a synthetic chimeric peptide immunogen known as LB1; variants of it are encoded in a recombinant fusion peptide vaccinogen called LPD-LB1(f) 2, 1, 3 . Coincidentally, this 19-mer region shares limited or no homology with equivalent regions of other OmpA family members (51) .
We have recently demonstrated that induction of antibodies against the two immunogens derived from this focused region (3, 4, 30) provide significant protection against homologous NTHI challenge in both an active immunization regimen and one of passive transfer in a chinchilla model of viral-bacterial superinfection. In vitro assays have shown that antibodies directed against these immunogens do have bactericidal activity (9, 30) ; however, they also strongly inhibit adherence of NTHI to human oropharyngeal cells (3; Jurcisek and Bakaletz, Abstr. 7th Int. Symp. Recent Adv. Otitis Media, 1999). This latter finding indicates that one primary functional activity of antibodies directed against these immunogens may be to block NTHI colonization or augment bacterial clearance. In fact, animals immunized with these derivatives of P5-fimbrin demonstrate significantly earlier clearance of NTHI from the nasopharynx and markedly lower incidence of eustachian tube ascension and OM induction than do sham-immunized cohorts (3, 4).
As we have been continuing to refine these immunogens and attempting to better understand the mechanism(s) behind the significant protection observed in chinchilla models, we have been interested in further defining those portions of this adhesin that are immunodominant and/or represent epithelial cell binding domains for both the chinchilla and human hosts. In addition, we wanted to better understand the significance of the demonstrated sequence diversity in the 19-mer region of the adhesin protein (3, 15, 55) , called LB1(f), that is targeted in our P5-fimbrin based vaccinogen design. Toward this goal, we created three sets of synthetic peptides, derived from the deduced amino acid sequence of the P5-fimbrin adhesin of NTHI strain 1128, a pediatric middle ear isolate. Using these peptides and isolated P5-fimbrin from several NTHI strains plus a panel of polyclonal antisera and a murine monoclonal antibody, four assays were performed: an enzyme-linked immunosorbent assay (ELISA) to determine serum titer, Western blotting to define antibody specificity, a bacterial adherence inhibition assay to identify adhesin domains, and a biomolecular interaction analysis (BIA) (26-28, 32, 34, 49) to examine the relative binding affinity between these peptides or isolated P5-fimbrin and antibodies present in both chinchilla and human sera or in middle ear effusions.
These data were collectively used to determine which portions of this surface protein were immunodominant not only to the chinchilla host, which serves as a model of human disease, but also to children, and thus identify epitopes and perhaps adhesin binding domains.
(This work was presented in part at the Seventh International Symposium on Recent Advances in Otitis Media, Fort Lauderdale, Fla., June 1 to 5, 1999.)
MATERIALS AND METHODS
Synthesis of peptides. Synthesis, purification, and sequence confirmation of all synthetic peptides were performed essentially as described by Kaumaya et al. (29) with established techniques of the Peptide and Protein Engineering Laboratory at The Ohio State University. Briefly, synthetic peptides were assembled stepwise by 9-fluorenylmethoxycarbonyl-t-butyl strategy with a benzotriazolyloxy-tris-(dimethylamino)phosphonium hexafluorophosphate-N-hydroxybenzotriazole protocol on a Milligen/Biosearch 9600 synthesizer. Peptides were purified by high-performance liquid chromatography on a Vydac C 4 (10 mm by 25 m) column using CH 3 CN containing 0.1% trifluoroacetic acid. Amino acid analysis and mass spectral analysis (not shown) confirmed the composition and amino acid sequence of each peptide.
Generation of antiserum and middle ear fluids. Chinchilla naive and immune sera and middle ear fluids were retrieved from archived samples. Sera obtained from chinchillas immunized with NTHI strain 1128 whole OMP preparation, isolated P5-fimbrin, or with other immunogens derived from this strain were selected for use. Pooled immune chinchilla serum samples were collected from animals immunized as follows: whole OMP delivered in complete Freund adjuvant (CFA) (51), isolated P5-fimbrin delivered in CFA (3), isolated P5-fimbrin delivered in A1PO 4 (3), LB1 delivered in CFA (3), and LPD-LB1(f) 2,1,3 delivered in A1PO 4 plus monophosphoryl lipid A (MPL) (3). LB1 is a 40-mer synthetic chimeric peptide composed of a putative B-cell epitope of P5-fimbrin of NTHI strain 1128 [called LB1(f)] that was colinearly synthesized with a T-cell promiscuous epitope of measles virus fusion protein (4) . LPD-LB1(f) 2,1,3 is a recombinant fusion peptide composed of a lipoprotein D (LPD) moiety followed by three sequential unique LB1(f) P5-fimbrin epitopes (3, 30) .
Chinchilla middle ear fluids were retrieved every 3 to 7 days over a 5-week period by epitympanic tap from an immunologically naive animal with an ongoing NTHI-induced OM resulting from transbullar challenge with 2,500 CFU of NTHI strain 86-028NP (Bakaletz et al., Abstr. 7th Int. Symp. Recent Adv. Otitis Media, 1999). Human sera from children undergoing tympanocentesis for acute OM were collected from children age 3 months to 11 years with a confirmed culture-positive NTHI or Streptococcus pneumoniae OM from which the bacteria were isolated in pure culture. A murine monoclonal antibody, 2C7, produced against H. influenzae biogroup aegyptius (strain F3031) that recognizes P5 (40), was generously provided by Alan Lesse, State University of New York at Buffalo, Buffalo, N.Y.
Bacterial strains. All NTHI strains used were minimally passaged clinical isolates obtained from the nasopharynges (86-028NP) or middle ears (1128, 86-028L, 1885MEE, and 1728MEE) of children undergoing tympanostomy and tube insertion for chronic OM with effusion at Columbus Children's Hospital. Isolates were maintained frozen in a skim milk plus 20% (vol/vol) glycerol solution until used. NTHI strains 1128 and 86-028NP (and strain 86-028L from the left ear of the same child) are group 1 isolates based on our classification of region 3 sequences (3); strain 1885MEE is a group 2a isolate, and strain 1728MEE is a group 3 isolate.
OMP and P5-fimbrin isolation. Whole OMP preparations or isolated P5-fimbrin were recovered from NTHI strains 1128, 86-028NP, 1885MEE, and 1728MEE as previously described (51) .
ELISA and Western blotting assays. ELISA assays were performed with dilutions of pooled chinchilla sera that were assayed against whole NTHI OMP preparations (0.5 g/well), isolated P5-fimbrin (0.2 g/well), or synthetic peptides (0.2 g/well) in 96-well microtiter plates as described previously (2, 4) . The titer of a serum pool was defined as the reciprocal of the dilution that consistently yielded an optical density at 490 nm showing a twofold increase over that of wells containing all components except immune serum. Assays were conducted a minimum of three times, and median reciprocal titers are reported.
Western blotting was performed after separation of proteins by electrophoresis in 7.5% sodium dodecyl sulfate-polyacrylamide gels as described previously (5) . Human sera or pooled chinchilla sera diluted 1:100 served as the primary antibody, and horseradish peroxidase-conjugated protein A (diluted 1:200; Zymed) served as the secondary antibody. We used a miniblot apparatus (MiniProtean II multiscreening apparatus; Bio-Rad) to conserve sera and reagents. Color was developed with 4-chloro-1-naphthol (Sigma).
Adherence inhibition ELISA. An adherence inhibition ELISA was developed for use with synthetic peptides as the blocking agent and using human OP cells as the epithelial target cell. Human OP cells were collected from 12 healthy volunteers, washed twice in 10 mM phosphate-buffered saline (PBS)-0.05% bovine serum albumin (PBS-BSA) and fixed to the bottoms of wells in a 96-well microtiter plate as previously described (3). All incubations were at 37°C in a humidified chamber, and all washes were performed with an Ultrawash Plus microtiter plate washer (Dynatech) set at 5 cycles of 300 l of PBS-BSA per cycle. Wells were blocked with 300 l of 1.0% skim milk (Upstate Biotechnology) in 10 mM PBS. Peptides (0.2 g/ml of 10 mM PBS) were then added to wells and incubated with OP cells for 1 h. The plate was washed, and biotinylated NTHI strain 86-028L, 1885MEE, or 1728MEE (51) was added at a bacterium-to-target cell ratio of 500:1. NTHI strain 86-028L was used in adherence assays instead of strain 86-028NP because it is slightly less prone to autoagglutinate, resulting in more consistent interassay results. Positive control wells contained all components except the individual synthetic peptides. After a 1-h incubation with the bacterial cells, plates were washed again and adherent bacteria were detected by incubations with ExtrAvidin-horseradish peroxidase (Sigma) diluted 1:100 followed by 2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid) (Zymed) diluted 1:100. Percent inhibition of bacterial adherence for each peptide was calculated by comparing the average reading of the test wells to the average reading of the positive control wells at an optical density of 405 nm. Each of the 10-mer peptides and region 1 to 4 peptides was assayed against each of the NTHI strains a total of three times with the mean value Ϯ standard deviation reported.
Sensor chip preparation and BIA. Analysis of interaction between the synthetic peptides and serum or middle ear fluids was performed with a BIAcore 2000 instrument (Biacore AB, Uppsala, Sweden). This system detects the specific interactions between a ligand and an analyte in real time, without labeling any component (34) . The BIAcore instrument utilizes the optical phenomenon of surface plasmon resonance, a quantum mechanical phenomenon, to detect changes in the refractive index at the surface of a sensor chip (26, 28) . Briefly, an analyte free in solution flows across the surface of a sensor chip to which a ligand is bound (32) . As the specific interaction between the analyte and ligand occurs, the increase in mass is monitored near the sensor chip surface and the change is expressed as relative resonance units (RU), which are plotted against time (27) . The sensor chip may be used for multiple analyses following a regeneration step to remove the bound analyte.
All reagents were obtained from Biacore AB. A reagent-grade CM5 sensor chip was activated by injection of 35 l of a 400 mM N-ethyl-NЈ-(3-diethylaminopropyl)carbodiimide-100 mM N-hydroxysuccinimide solution (25) . Synthetic peptides, suspended in 10 mM acetate buffer (pH 4.5), were manually injected over one flow cell of an activated chip to bind approximately 0.1 to 0.5 ng of peptide per mm 2 of chip surface. Excess ester groups were then deactivated by injection of 35 l of 1.0 M ethanolamine hydrochloride-NaOH. To optimize experimental conditions, a flow rate test was performed whereby sample injection flow rates of 5, 10, 15 and 20 l/min were assayed to detect mass transport limitation. For interaction analysis, 10 l of each serum sample, diluted 1:5 with HBS-EP buffer (0.01 M HEPES [pH 7.4], 0.15 M NaCl, 3 mM EDTA, 0.005% [vol/vol] Surfactant P20), was exposed to the immobilized peptides. The sensor chip surface was then regenerated with a 5-or 10-l injection of 10 mM glycineHCl (pH 1.5). HBS-EP served as the continuous running buffer. The relative amount of antibody bound to each peptide was determined by comparing the change in RU between sample injection cycles.
All chinchilla sera were assayed against each of the 34 10-mer peptides twice and against all remaining region and partial sequence peptides a minimum of three times, with the mean RU Ϯ standard deviation reported. Due to the very limited volume of chinchilla middle ear fluids and human sera, these fluids were assayed against the region 1 to 4 peptides only once by BIA.
Statistical analysis. Student's t test was used to determine differences between arithmetic means. A P value of Յ0.05 was accepted as significant.
RESULTS
Western blotting and ELISA. Chinchillas immunized with a whole NTHI OMP preparation recognized many OMPs as expected, as well as both species of P5-fimbrin (Fig. 1, lane 1) by Western blotting as we have reported previously (4, 5, 51) . Chinchilla polyclonal antiserum pools, generated by immunization with isolated P5-fimbrin and delivered in either CFA or A1PO 4 , each predominantly recognized the partially denatured species of P5-fimbrin at ca. 25 kDa (Fig. 1, lanes 2 and 3) . Chinchilla anti-LB1 predominantly recognized the fully denatured species of P5-fimbrin at approximately 37 kDa (lane 4). Anti-LPD-LB1(f) 2,1,3 predominantly recognized a band at approximately 42 kDa which is presumed to be LPD (lane 5) and also both P5-fimbrin species. Monoclonal antibody 2C7 recognized both species of the P5-fimbrin adhesin; however, recognition of the 37-kDa species was slightly stronger (lane 6) as has been reported elsewhere (40) .
The relative median reciprocal titers for each serum pool characterized above, against the immunogen delivered, as determined by ELISA were 5 ϫ 10 4 for anti-whole OMP/CFA, 5 ϫ 10 4 for anti-isolated P5-fimbrin/CFA, 10 4 for anti-isolated P5-fimbrin/A1PO 4 , 2 ϫ 10 5 for anti-LB1/CFA, and 5 ϫ 10 4 for anti-LPD-LB1(f) 2,1,3 /A1PO 4 plus MPL. These titers indicated the similarity between CFA and a mixture of A1PO 4 plus MPL as adjuvants in this host, as well as the relatively weaker effectiveness of alum alone as an adjuvant as we (3) and others (22) have previously reported.
Two of the five human sera obtained from children with S. pneumoniae culture-positive OM were not reactive in Western blotting with proteins in a NTHI whole OMP preparation ( were detected with the three other sera collected from children with pneumococcal OM, indicating that these children may have had a prior episode of OM resulting from NTHI infection. Sera obtained from children with OM that was culture positive for NTHI predominantly recognized proteins in a whole OMP preparation at ca. 25 and 42 kDa (Fig. 2, lanes 6  to 10) . The presumption that these bands represented recognition of the partially denatured fimbrin species at 25 kDa and OMP P2 at 42 kDa (rather than the similarly migrating LPD) were supported by repeating the blot using these sera and assaying them against isolated P5-fimbrin and recombinant LPD (not shown). An additional band in lane 9 at approximately 37 kDa and in lane 10 at approximately 45 kDa was observed as well, but the specific OMPs being recognized here have not been identified. Peptide synthesis. Three sets of peptides based on the deduced amino acid sequence of P5-fimbrin of NTHI strain 1128 (51) were synthesized to map epitopes of this adhesin. These peptides are depicted schematically in Fig. 3 . The first series of 34 peptides represented mature P5-fimbrin sequentially in 10-residue segments, except the C-terminal peptide 34, which was 8 residues long. The second series of four region peptides represented each of the predicted major surface-exposed regions of this adhesin ( Fig. 3 and Table 1 ) (15, 55) . A final series of seven peptides was designed to specifically map the third predicted surface-exposed region ( Fig. 3 and Table 2 ). Recently, the loop 3 region of the P5-fimbrin gene from 99 clinical NTHI isolates from the United States and Europe was PCR amplified and analyzed for sequence heterogeneity within the 19-mer region that has been the basis of our development of a vaccine component. Within this region, called LB1(f), three major groups and one subgroup were identified, and thus a peptide representing each of these groups was also created. These are included in the group peptides: LB1(1), LB1(2a), LB1(2b), and LB1(3). In addition, a set of three short, overlapping partial sequence peptides (LB1ps1, LB1ps2, and LB1ps3) were synthesized to more precisely map the consensus sequence of the group 1 NTHI strains.
NTHI adherence inhibition ELISA. Inhibition of adherence of three NTHI strains representing groups 1, 2a, and 3 to human OP cells by the 10-mer linear peptides demonstrated a group-specific inhibitory effect (Fig. 4) . Substantial inhibition of adherence against the group 1 isolate (86-028L) is demonstrated by peptides representing the N-terminal portion of this adhesin (peptides 1 to 19) (Fig. 4A) . These peptides were based on the sequence from another group 1 NTHI strain. Less activity was shown against the group 2a strain, 1885MEE (Fig.  4B) , and minimal activity was demonstrated against the group 3 strain, 1728MEE (Fig. 4C ). For the group 1 strain 86-028L, of those peptides that approximated the four predicted surface-exposed regions, those that spanned region 3 (peptides 12 to 15) showed the greatest relative ability to inhibit adherence of this isolate to human OP cells. Significant adherence inhibition activity against all three isolates examined was demonstrated by peptides representing the C-terminal half of this protein (peptides 20 to 34).
Longer peptides representing each of the four predicted surface exposed regions of P5-fimbrin confirmed the groupspecific result obtained with the 10-mer peptides (Fig. 5) . Peptides representing regions 1 and 2 did not inhibit adherence above a mean value of 10% for either the group 1, 2a, or 3 NTHI isolate. The region 3 peptide was significantly more inhibitory to adherence of a group 1 isolate (P Յ 0.05) than to the group 3 isolate, with greatest interassay variability shown against the group 2a strain. These data further indicated a potential adhesin binding domain within the fourth predicted surface-exposed region that had not been detected with the 10-mer peptides. The region 4 peptide significantly inhibited the adherence of a group 1 but not a group 2a or 3 isolate to human OP cells (P Յ 0.05).
BIA. Before using BIA in epitope mapping studies, we examined the relationship between RU affinity values obtained by biosensor and reciprocal titer of chinchilla serum pools obtained by ELISA. Serial dilutions of polyclonal anti-LB1 serum were injected across a sensor chip to which the peptide immunogen LB1 was bound. A linear relationship was noted 
LVRSDYKFYDN------KRID---SHR a Dashes were inserted to align sequences. b Identical in sequence to region 3 peptide noted in text and in Table 1 . (not shown). Naive or sham-immunized chinchilla sera did not yield an RU value of Ն100 when assayed against any of the 45 peptides described here. Regardless of the relative titer or whether the antiserum pool was directed against a whole OMP preparation, isolated P5-fimbrin, LB1, or LPD-LB1(f) 2,1,3 , with one exception, the relative RU affinity values of pooled immune chinchilla serum to the 10-mer peptides did not exceed an arbitrarily selected baseline value of 100 RU for any serum tested (data not shown), again indicating the likelihood that these short, sequential linear peptides did not represent continuous epitopes.
A single mean affinity peak greater than 100 RU shown by antiserum raised against whole OMP when reacted with peptide 17 was not likely significant, as this was not a consistent observation among the antisera tested. Further, depending on the model used, the majority or all of the residues incorporated into peptide 17 are not predicted to be surface accessible.
However, greater relative affinity values were obtained when some of these sera were reacted with longer peptides that represented the four surface-exposed regions of this adhesin, and specifically those mapping residues within the third predicted surface-exposed region (Table 3) . Despite reactivity in Western blotting and by ELISA, antiserum raised against a whole OMP preparation was largely unreactive by BIA against the synthetic peptides designed to map the focused regions of P5-fimbrin, indicating perhaps a relatively low concentration or avidity of antibodies specific for these epitopes available in this serum pool. Similarly, sera generated in chinchillas against isolated P5-fimbrin by delivery in either a strong (CFA) or a weak (A1PO 4 ) adjuvant were unreactive except for relatively modest recognition of the 40-mer synthetic chimeric peptide LB1, where RU values of 110 and 100, respectively, were obtained for these two serum pools (only anti-LB1/CFA values are shown in Table 3 ). As with anti-whole OMP serum, this may reflect the relative concentration or avidity of specific antibodies available in the serum pool. However, the additional lack of reactivity of either of these latter two sera by BIA with sensor chip-bound P5-fimbrin that had been isolated from any of three NTHI isolates (not shown) demonstrated that there was also likely a conformational aspect to both the immune recognition as well as perhaps to the assay system itself in which the orientation of bound peptides could not be controlled. Monoclonal antibody 2C7 did not yield an affinity value of greater than 5 RU against any peptide depicted in Table 3 despite reactivity in Western blotting, and thus is not shown, again indicating both a conformational aspect of recognition as well as the need to use multiple systems to fully evaluate antibodies or immune sera for reactivity and specificity. Conversely, chinchilla serum obtained by immunization with LB1 was strongly reactive against both the immunogen itself and against the region 3 peptide from which it was derived, as expected. The RU affinity value obtained against the bound LB1 40-mer immunogen was about 95% of that obtained against the LB1(1) region 3 peptide, indicating that antibodies generated upon immunization with the chimeric peptide LB1 were largely directed against the incorporated 19-mer P5-fimbrin B-cell epitope and not the promiscuous T-cell epitope from measles virus fusion protein, as anticipated. These RU values approximate a reciprocal titer of 1.9 ϫ 10 4 in this serum, which is consistent with what we have reported previously as determined by ELISA (3). The anti-LB1 serum pool also recognized peptides representing the LB1(f) moiety from both a group 2b and a group 3 isolate but was not reactive with the group 2a peptide. While this finding may again indicate a limitation of the BIA system, it may also indicate that the amino acid sequence diversity demonstrated in the group 2 isolates that resulted in the establishment of a subgroup 2a and 2b (3) was perhaps immunologically significant as well.
When we attempted to more precisely map the group 1 sequence, reactivity with anti-LB1 serum was greatest against the C-terminal portion of this 24-mer peptide, as was seen by comparison of RU values obtained against the LB1ps3 peptide relative to those obtained against peptides LB1ps1 and LB1ps2 (Table 3) .
Serum antibodies available in the pool of serum obtained by immunization with LPD-LB1(f) 2,1,3 were unreactive against the P5-fimbrin-derived panel of synthetic peptides in BIA despite demonstrated significant protective efficacy (3), a high reciprocal titer (5 ϫ 10 4 ), and strong reactivity in Western blotting. Again, this may have been due to a conformational aspect of the BIA system; the lower concentration or avidity of LB1(f)-specific antibodies available in this serum pool or may more likely reflect the inability of antibodies raised against a large fusion protein to recognize linear peptides bound to a chip as in this assay system. Overall, BIA-obtained data clearly demonstrated the differences between an immune response raised to an intact protein versus one obtained by immunization with a peptide or recombinant immunogen. When middle ear fluids, obtained over a 5-week disease course from an immunologically naive chinchilla that had been transbullarly challenged with NTHI and was thus manifesting active OM, were assayed by BIA against the four region peptides, RU values above background were directed exclusively against those representing regions 3 and 4 (Fig. 6 ). This increase in affinity peaked on day 28 and represented estimated reciprocal titers of 2 ϫ 10 3 against region 3 and 5.5 ϫ 10 4 against region 4 in these middle ear fluids. By 5 weeks after challenge, RU affinity values had decreased by 53 and 67% against regions 3 and 4, respectively. To determine if human serum antibodies similarly demonstrated preferential reactivity against any of the region 1 to 4 peptides as had chinchilla middle ear effusions, sera collected from 14 children with either pneumococcal OM or OM due to NTHI were assayed against these peptides (Table 4) . RU values obtained with all seven sera collected from children with S. pneumoniae culture-positive OM were unremarkable against any of the peptides representing the four predicted surfaceexposed regions; however, all seven sera collected from children with culture-positive NTHI OM were strongly reactive against selected peptides in this system. Whereas RU values against region 1 and region 2 peptides did not exceed a maximum value of 58, those obtained when assayed against the region 3 and region 4 peptides yielded mean values of 283 Ϯ 130 and 487 Ϯ 266 RU, respectively. Comparing mean RU values against region 3 and 4 peptides, greater overall reactivity was detected against the latter; however, this difference was not significant (P ϭ 0.12). These mean RU values translate into approximate titers of 3.7 ϫ 10 3 and 6.3 ϫ 10 3 against regions 3 and 4, respectively, in these sera.
DISCUSSION
Despite their limitations, peptide-based vaccines have the potential to direct the immune response against prespecified immunodominant and protective epitopes of native proteins (14) . Recent reports from several laboratories have shown that the inclusion of both B-and T-cell epitopes in synthetic peptide immunogens can induce antibodies of higher affinity for the incorporated B-cell epitopes (41, 50) . The orientation, number, and secondary character of peptide sequences included in these immunogens have been found to influence antigen processing and presentation to T cells, thus affecting the specificity and affinity of the antibodies produced for native proteins (14, 41, 50) . We have recently used this epitopetargeted peptide-based vaccine strategy to develop two immunogens [LB1 and LPD-LB1(f) 2,1,3 ] based on the third surfaceexposed region of the NTHI adhesin P5-fimbrin (24, 37, 44, 45, 51) . While an earlier report from our lab, using the NEW-COILS algorithm of Lupas et al. (33) , indicated a coiled-coil character for P5-fimbrin, Webb and Cripps (55) recently disputed this finding based on a similar analysis of the sequences of multiple NTHI isolates by the COILS algorithm. Recently, it was shown that NEWCOILS produced false positives by classifying noncoiled-coil alpha-helical regions incorrectly (8, 56) . We thereby concur with conclusion of Webb and Cripps (55) , that this surface protein does not have an unambiguous coiled-coil character overall; however, its role in pathogenesis and potential protection remains highly intriguing.
As to the role of P5-fimbrin as a protective immunogen, we have demonstrated the ability to significantly protect against homologous NTHI challenge by either active or passive immunization using the above-described region 3-based immunogens in a chinchilla model (3) . To better understand the mechanisms behind this protection, and also perhaps better predict efficacy against future heterologous challenges relative to the specific region targeted, we have been characterizing both the functional activities of the protective sera (30) as well as the immunodominant and adhesin binding domains of this NTHI adhesin. Herein we report on the latter efforts. Toward this goal, we created a panel of 45 synthetic peptides representing mature P5-fimbrin as well as several areas within it that were of particular interest. The first series of 34 sequential 10-mer peptides were created to scan P5-fimbrin for sites throughout the mature protein that were potentially reactive with a panel of immune chinchilla sera of variable specificity and titer, including two serum pools that had proven to be highly protective in animal models. We also used this series of peptides to determine if any were able to directly inhibit the adherence of diverse NTHI strains to human respiratory epithelial cells, thus identifying the domains of the protein mediating binding to these cells.
We found that despite high titer and demonstrated reactivity by Western blotting, reactivity to the 10-mer peptides by all of the sera tested was fairly low overall by BIA, indicating that these short linear peptides did not likely represent complete epitopes. However, adherence inhibition assays, conducted with the same 10-mer peptides, suggested the presence of an adhesin binding domain in the area that maps to surfaceexposed region 3 and also indicated a group-specific inhibitory effect relative to the reported sequence diversity in this area (3) . Collectively, these data suggested the need to both focus further on the third surface-exposed region and better understand the noted sequence diversity herein (3) .
The observation that the C-terminal 10-mer peptides inhibited adherence of particularly the group 1 isolate but also the group 2a and 3 isolates as well was unanticipated due to the prediction that this portion of the surface protein is largely periplasmically located and thus unavailable for cell-cell interactions. Thus, the significance of these observations is not known at this time. Several reports have challenged the periplasmic location of the C-terminal portion of similar members of the OmpA family of proteins (10, 20, 23) , however, suggesting greater surface accessibility of portions of these proteins than predicted by the classic N-terminal eight-stranded ␤-barrel protein model as put forth by Morona et al. (38) . While questions remain concerning the possible surface exposure of portions of the C terminus of P5-fimbrin and other members of the family of OmpA homologues (7, 11, 21, 23, 46, 52) as well as how they might be expressed on the bacterial surface, the role of P5-fimbrin as an adhesin for NTHI and for its homologs in other gram-negative mucosal pathogens (21, 37, 42-45, 51, 53-55) has gained acceptance. Likewise, the general location of the four surface-exposed regions of P5-fimbrin is consistently reported among labs (4, 15, 55, 55a) .
We thereby synthesized a second set of peptides designed to map all four surface-exposed regions of this peptide as predicted by Duim et al. (15) and by Webb and Cripps (55) . These regions are similar to those described for OmpA of Escherichia coli (31, 38) and the Opa proteins of Neisseria (35) and served as the original basis for the design of LB1 (4). These longer peptides were designed to more accurately mimic the surfaceexposed regions in their entirety and thus help overcome the issue of noncontinuous epitopes presented by the shorter 10-mer peptides. It was also anticipated that the region 1 to 4 peptides would allow us to confirm the relative importance of the third surface-exposed region in NTHI adherence, as predicted by the 10-mer peptides, as well as perhaps identify others. These region peptides were also used to assay whether the highly protective anti-LB1 and anti-LPD-LB1(f) 2,1,3 sera were indeed inducing antibody that was specific for the surface-accessible region(s) they were designed to target.
When used in the bacterial adherence inhibition assay, synthetic peptides representing regions 3 and 4 were significantly more inhibitory to adherence of a group 1 NTHI strain to human OP cells than to either a group 2a or group 3 isolate. These data thus substantiated the observation that surfaceexposed region 3 was an adhesin binding domain and additionally identified a second domain in region 4 that was also group specific. When the two protective serum pools were reacted with the panel of peptides in the BIA, they displayed unique affinities. Whereas the anti-LPD-LB1(f) 2,1,3 serum pool was unreactive, the anti-LB1 serum pool showed greatest relative affinity values against itself as well as the region 3 peptide as it had been designed to do. Thus, data obtained by BIA with anti-LB1 corroborated the likelihood that the 19-mer focused region of P5-fimbrin was a surface exposed B-cell epitope as had been predicted by algorithm (4, 15, 55) .
To continue our attempt to determine if the recombinant fusion peptide immunogen LPD-LB1(f) 2,1,3 did indeed induce antibodies that were more broadly reactive against NTHI strains heterogeneous in this 19-mer focused region than did the chimeric peptide LB1 (which was designed after majority group 1 only), we then assayed these two serum pools against the last set of seven synthetic peptides designed to specifically map this region and address the noted sequence diversity here (3). However, the anti-LPD-LB1(f) 2,1,3 serum pool, while strongly reactive in BIA against itself and recombinant LPD, did not recognize the group or partial sequence peptide series. Anti-LB1 serum, on the other hand, demonstrated significantly greater affinity for the homologous group 1 sequence [LB1(1)] than for those representing groups 2a, 2b, or 3; however, there were interesting affinities noted in terms of heterologous recognition as well. This latter serum pool showed greatest relative affinity for the group 3 peptide and also reacted with a bound peptide representing group 2b but was unreactive with the peptide representing the group 2a sequence. Given the more extensive similarity in the consensus sequences of groups 2a and 2b to that of majority group 1, compared to the truncated group 3 consensus sequence (13 residues versus 19 to 22 for group 1, 2a, or 2b), this was an unexpected finding. These data again suggest the immunological significance of the sequence variability observed in the C-terminal portion of this focused region among NTHI strains.
When run against bound overlapping partial sequence peptides designed to map the majority group 1 sequence, anti-LB1 demonstrated a stronger affinity for the C-terminal half of this region, indicating perhaps greater accessibility of these residues. Based on the models put forth by Duim et al. (15) and as predicted by Webb and Cripps (55) , the LB1ps3 sequence residues would be placed nearly centrally in this region or loop, placing them furthest away from any nonaccessible regions.
Overall, data obtained with the region 1 to 4 peptides suggested that regions 3 and 4 within the N-terminal half of P5-fimbrin were potentially significant in terms of both immune recognition and adherence activity. In addition, these findings suggested that for greatest future protective efficacy and to avoid a limited group-specific immunizing effect, the ideal immunogen for P5-fimbrin should incorporate sequences of all three NTHI groups relative to region 3. Thus, despite the unanticipated lack of reactivity shown by the anti-LPD-LB1(f) 2,1,3 serum pool in the BIA, our data generally supported the rationale behind the creation of this recombinant fusion peptide immunogen. LPD-LB1(f) 2,1,3 has indeed demonstrated significant protective activity in vivo against homologous challenge (3) and recently against heterologous challenge as well (30) . Moreover, while some of the patterns of functional activity and immunological reactivity shown here could have been largely predicted for these sera, since they had been collected from animals actively and specifically immunized against the targeted epitopes, other patterns of group-specific functional activities and immunological cross-reactivity, or lack thereof, were heretofore unknown.
One other goal of our study was to determine if any of the four predicted surface-exposed regions of this adhesin might be immunodominant during induced and, perhaps more importantly, natural disease. To test this, we assayed middle ear fluids collected over a 5-week period from an immunologically naive chinchilla during an active middle ear infection due to direct challenge. When assayed against the four region peptides, the middle ear fluids specifically recognized and bound to the region 3 and 4 peptides, beginning approximately 4 weeks after challenge but already showing lessened reactivity 5 weeks after challenge. Since total antibody available in middle ear fluids represents both locally produced antibody as well as antibodies contributed by serum transuded into the middle ear space during inflammation (2, (16) (17) (18) (19) 57) , this delayed reactivity of the middle ear fluids to these peptides may have represented the prolonged period of time required for serum antibodies to transude into this highly inflamed space during an active disease of this type. However, these data may also be indicative of the time point at which region 3-and 4-specific antibodies were available for detection in this assay system despite their presence in these fluids at a much earlier point in time and for a more extended period of the disease course. At 28 days after transbullar challenge, the majority of naive animals inoculated in this manner with NTHI strain 86-028NP have begun to resolve their middle ear infections and most have cleared viable bacteria from the middle ear cleft (3); thus, less antibody may be bound by these microorganisms and more might be available for detection by BIA. While it would have been interesting to similarly assay serum samples collected from this animal on the same schedule as collection of middle ear fluids, these were unfortunately not available to us.
To determine if children with OM due to NTHI similarly preferentially recognized any of the four surface-exposed region of this adhesin during natural disease, we assayed serum collected from 14 children aged 3 months to 11 years by Western blotting and against bound region peptides in the BIA system. All seven sera obtained from children with NTHI culture-positive OM recognized NTHI OMPs in Western blotting, including species of P5-fimbrin, and showed specific affinity for those peptides representing the third and fourth predicted surface-exposed regions of this adhesin as had the chinchilla middle ear fluids. Conversely, none of the seven serum samples collected from children with S. pneumoniae culture-positive OM strongly recognized NTHI OMPs by Western blotting, nor were they reactive with any of the four region peptides by BIA. Thus, both immunodominant and adherence functional activities mapped to the third and fourth predicted surface-exposed regions of P5-fimbrin. Whereas region 3-based immunogens have shown efficacy (3, 4, 30) , we have not been successful to date with an immunogen directed against region 4. A synthetic chimeric peptide immunogen designated LB2 that included a sequence representing this fourth region, Nterminal to the same T-cell promiscuous epitope as in LB1, induced high-titered antiserum that strongly recognized P5-fimbrin in both Western blotting and by ELISA. However, it did not inhibit NTHI adherence to chinchilla tracheal organ culture (4) or protect against homologous NTHI challenge in either a nasopharyngeal colonization model or one of OM in chinchillas (3). In fact, animals immunized with LB2 and later challenged with a homologous isolate demonstrated signs of severe immunopathology in sections of tympanic membrane and middle ear mucosa (3) , similar to what we have observed in chinchillas immunized with OMP P2 that were also later homologously challenged (51). Webb and Cripps likewise synthesized an immunogen, in the reversed orientation, that contained an N-terminal T-cell promiscuous epitope from measles virus fusion protein and a C-terminal region 4 peptide (termed MVF/L4) and found a similar ineffectiveness of this construct as an immunogen in a rat model of lung clearance (55a). Thereby, despite predicted surface exposure of this fourth loop or region, and its potential role in adherence and immune recognition as demonstrated here, we have not further developed this moiety as a vaccine component against NTHI-induced OM.
In summary, peptides derived from a group 1 isolate representing the third surface-exposed region of P5-fimbrin significantly inhibited the adherence of NTHI strains to human OP cells in a group-specific manner, indicating the significance of the sequence diversity noted herein. By BIA, the immune reactivity of animals that had been significantly protected against nasopharyngeal colonization, ascension of the eustachian tube, and induction of OM mapped to the exact moiety or moieties of P5-fimbrin located within region 3 to which they had been specifically immunized. An animal with an active NTHI-induced OM preferentially recognized both regions 3 and 4 of P5-fimbrin, the latter of which has performed poorly as a protective immunogen to date in two animal models of NTHI colonization and/or disease, unlike region 3-based immunogens (3, 4) . Region 3 was one of two areas of this adhesin that were recognized immunologically by children as young as 3 months of age and as old as 11 years with an NTHI-caused OM during natural infection.
If a human immune response could be directed toward this third region of P5-fimbrin, as our data indicate is feasible, based on the demonstrated immunoreactivity of pediatric sera during natural infection, our hypothesis is that higher-titered preexisting antibody present in the serum of immunized children could transude on to the mucosal surface upon upper respiratory tract virus infection that commonly precedes bacterial OM (1, 12, 36, 47, 48) . In this scenario, these induced and transuded serum antibodies could inactivate NTHI colonizing the nasopharyngeal mucosa and thus prevent their ascension of the virus-compromised eustachian tube and development of bacterial OM, as we have been able to successfully demonstrate occurs in the chinchilla (3, 30) .
